Blood flow (ml/ 100 g per min) ranged from 5 to 94 in the soleus and from 0.5 to 8.0 in the gracilis.
The corresponding ranges of vo 2 (ml/l 00 g per min) were 0. (18) was the first to suggest that in resting skeletal muscle oxygen consumption (vo2> in vivo is limited by the blood flow. He found in the autoperfused cat hindlimb that with an increase in blood flow or blood Paz, vo 2 usually increased.
Similar results were obtained by Pappenheimer ( 15) in the dog hindlimb, and by Wright and Sonnenschein (25) in the cat gastrocnemius-soleus preparation.
On the other hand, Stainsby and Otis (17) found in the dog gastrocnemius-plantaris muscle group that Vo2 was constant as blood flow and/or 02 delivery was varied. They found a reduction in vo2 only when the blood flow was reduced to very low levels.
Limited availability of oxygen has generally been given as the most reasonable explanation for the observed dependent relationship between vo2 and blood flow. This view was supported by data from our laboratory which showed that tissue Po2 in the gracilis muscle in situ of guinea pig (22) and cat (23) was low enough in many cells to limit Vo2, assuming a critical PO ft of 4-6 mm Hg (12) .
In the present study we have examined in the autoperfused, denervated muscle the relationships among vo2, blood flow, and tissue Po2 in the soleus, a red muscle, and the gracilis, a white muscle. We expected that one or the other muscle (or both) would show a dependent relationship between vo2 and blood flow in confirmation of the results of others (15, 18, 25) l Furthermore, if only one type of muscle showed a dependence, the search for the possible mechanism would be narrowed and it might help to explain the discordant results of Stainsby and Otis (17) . In addition, if we observed a dependence only when we found at least some areas where tissue Po2 was below the critical level (12) it would be strong evidence in favor of the oxygenlimitation hypothesis.
METHODS
Cats were anesthetized with pentobarbital (40 mg/kg) given intraperitoneally, and placed on a heating pad to maintain a normal body temperature (35-39 C). Cannulas were inserted into the trachea, a carotid artery, and the jugular vein. An initial dose of 1,500 U/kg heparin was given intravenously and supplements of 1,000 U/kg were given at hourly intervals thereafter. The skin over the medial surface of the right hindleg was slit with a cautery blade to prevent bleeding.
The length of the gracilis muscle was measured, its insertion freed, lifted gently, and its blood vessel supply scrutinized.
If the supplying vessels lay on the surface of the underlying semimembranous muscle, it was a relatively simple matter to tie off the branches which did not supply the gracilis. If the supply vessels ran deep in the semimembranous muscle, the soleus was used (see below). The origin of the gracilis muscle was freed after putting ties around small segments of the tendinous sheet. Three or four of these ties and a few ties around segments of the tendon at the insertion were later used to hold the muscle at its previously measured in situ length. Throughout the entire surgical procedure the muscle and supply vessels were kept moist with saline-soaked gauze sponges. The popliteal artery was cannulated to monitor perfusion pressure and all other vessels leaving the femoral artery below the level of the gracilis supply vessels were ligated and cut. A length of Silastic tubing (1.2 mm id) 5-7 inches long with l-2 inches of polyethylene tubing at each end was inserted into the femoral artery anterior to the gracilis supply vessels. The loop permitted us to control the perfusion pressure by means of a micrometer-controlled clamp on the Silastic tubing. While the Silastic loop was occluded (to prevent excessive venous pressure), the femoral vein was cannulated, tied off at the anterior end, and cut. The venous cannula was enclosed in a tight-fitting tube of butyl rubber to prevent the exchange of gases with environmental air. After cutting the femoral artery between the cannulas of the loop, the muscle was removed from its in situ location, inverted, and placed on a Saran-covered stage maintained The method of construction, testing, and use of the 02 microelectrode used to measure tissue PO:! has been published (4, 5, 20, 2 1, 24). Evidence has been provided that, because of the long thin shank and small tip (l-3 II), it does not obstruct blood flow (22) . Under most recording conditions it is possible to determine from the membrane potentia most of cellular.
1 whether the tip is in or out of a cell. In this study the readings at the beginning of a run were intra-A small slit was made in the sheet of Saran over the muscle and the fascia over the muscle teased away. A layer of agar or Pluronics F127 gel (BASF Wyandotte Corp., Wyandotte, Mich.) was placed over the slit, and on top of that, a drop or two of saline. Under microscopic observation the electrode tip was brought into contact with the saline drop. Positioning was accomplished by means of a micromanioulator on which the electrode was mounted. After checking the calibration of the electrode in the air-equilibrated saline, the electrode was inserted into the muscle in steps of 125 p; care was taken to avoid visible blood vessels (> 40 p). The final depth into the muscle varied from 1 to 4 mm. There was often some dimpling of the surface (especially in the softer soleus muscle) so that the exact depth was not always known.
While the electrode remained in place, perfusion pressure was varied by partially clamping the Silastic tube in the arterial "loop."
After flow and venous PO 2 stabilized (3-l 5 min) the 02 microelectrode was usually moved up and down in steps of 125 1-1. Then the control level of perfusion pressure was reestablished or, in random sequence, another level of perfusion pressure was tried. Overall, perfusion pressure was varied from 20 to 160 mm Hg. Occasionally, the arterial supply was completely occluded to check the zero calibration of the electrode. After one or more runs, the 02 microelectrode was withdrawn into the saline drop to recheck the calibration.
If the calibration varied more than 20 % from the beginning to the end of a run, the data from that run were not used. In most of the runs the variation was much less. Where the tissue Po2 fluctuated, the average was determined from the area beneath the Po2 trace. Penetration sites over the entire surface, except the extreme periphery, were sampled. There were marked quantitative differences, however, between the gracilis (n = 9) and the soleus (n = 10). Considering all the experiments, steady-state blood flow varied from 0.5 to 8 ml/l00 g per min in the gracilis and from 5 to 94 in the soleus. The corresponding ranges of 002 were 0.05 to 0.55 and 0.3 to 8.5, respectively. Typical examples of the data from a single experiment on the gracilis muscle are plotted in Fig. 1 , and in Fig. 2 , the soleus. The range of flow in these examples is somewhat lar,ger than the average, primarily because these cats had a higher than usual mean arterial pressure, approximately 150 and 140 mm Hg, respectively.
In most of the experiments there was a tendency for blood flow rate to fall as the experiment progressed. Therefore, we compared the values taken in the first half of the experiment (1-2 hr) with those in the last half. Although in several experiments the values were lower in the last half, the relationship was unchanged. Therefore, the data were treated similarly.
Plots of the arbitrarily grouped data for Vo2 and blood flow from all of the experiments are illustrated in Fig. 3 . It is obvious that the slope of the curve is significantly different from zero. The relationship appears to be nearly linear in the lower ranges but may bend over in the upper ranges.
Although not the primary concern of this study, it may be pertinent to mention that we saw little autoregulation of blood flow. After a change in perfusion pressure, there was little or no overshoot or undershoot except after a complete occlusion when a marked overshoot was usually seen (unpublished observations). However, since 15-45 set were usually required to adjust the clamp on the inflow tu$ing, any very rapid changes in vascular resistance would have been obscured. Figure 4 shows the relationship between perfusion pressure and steady-state flow for the two muscles of each type which, in our arbitrary opinion, showed the greatest tendency to autoregulate. periments revealed very few low values. Of the 138 locations sampled in the nine gracilis muscles, only nine had a Po2 of 7 mm Hg or lower. Only two were below 5 mm Hg. Values of 7 mm Hg or below were less frequent as flow increased. At higher flow rates (3-8 ml/ 100 g/min), no low values were found. The relationship between these tissue Pop measurements and the corresponding blood flow rate is graphically presented in Fig. 5A . Similar data from the 10 soleus muscles are illustrated in Fig. 5B . Of the 2 18 measurements in the soleus, only 24 were 7 mm Hg or lower and 14 were below 5 mm Hg. Although there was a tendency for the percentage of low values to decrease with increasing flow rate, the percentage of values of 7 mm Hg or below at low flow rates (O-10) was, unlike the gracilis, not significantly different from that at high flow rates (>40). DISCUSSION We have not been able to account for the dependent relationship found here between Vo2 and blood flow on the basis of a systematic error. We were unable to measure the pH of the venous effluent, and it is possible that it decreased as flow rate fell. We have not found in the literature any data for the cat on this point, although
Honig et al. gracilis and found a fall of only 0.02 unit. In any case, flow was the major variable and an error in the calculation of 02 content due to a Bohr shift would be minimal.
Other possible sources of error such as muscle fibrillation (by direct observation), flow sensitivity of the analyzers, the influence of time and/or deterioration have been ruled out. Thus, we conclude that by varying the rate of blood flow, the voz of resting skeletal muscle could vary as much as sixfold in an individual preparation.
If the results from all the animals are considered, this range is even greater. Additional confidence in our results comes from the fact that our values for voz and blood flow in the resting soleus muscle of the cat fall in the same ranges as those of the two previously published studies (3, 10) of normal values for the anesthetized cat (Fig. 2) . The slightly higher mean voz in our study relative to blood flow may be due to the fact that in our study the muscles were denervated.
Acute denervation of the rat gracilis muscle by Honig et al. (9) resulted in a persistent and significant increase in vog with a comparable increase in flow. We know of no measurements comnarable to ours on the cat gracilis muscle but published values for the cat gastrocnemius (lo), mainly a white muscle, are similar to ours for the gracilis (Fig. l ) .
Our results showing a dependent relationship between J?oz and blood flow confirm those of most other studies (15, 18, 25) (10)). It was suggested (19, 20) that the phenomenon might be more pronounced in smaller animals in which the need for resting heat is greater. We speculated that only a small fraction of the resting metabolism in muscle, at least, was required for cell -maintenance, and that the extra energy was simply a source of heat. Thus body temperature could be at least partly controlled by adjusting the blood flow through skeletal muscle, and acclimatization could be a change in the set level of blood flow. If such a mechanism exists, the discordant results of Stainsby and Otis (17) might be at least partly due to a difference in the ambient temperature to which the animals were acclimatized.
As a corollary to the above hypothesis we suggested that the extra energy, over the maintenance requirement in the http://ajplegacy.physiology.org/ resting muscle, might be diverted to the contractile process during activity (19, 20) . If such a shift occurs it might help to explain the absence of functional hyperemia in the cat soleus muscle as reported as Hilton and Vrbova (8). In their study, even maximal tetanic contractions lasting 5-10 set did not increase blood flow more than 50 % (and seldom that much), in contrast to much larger increases in other skeletal muscle; nor in other experiments (Hudlicka, personal communication) did Vo2 of the soleus muscle increase more than about 50 % as a result of activity. Control blood flow and Vo2 were very high in these experiments and may have provided a pool of energy during rest which was available to the contractile machinery, thus practically eliminating a metabolic signal for vasodilation. The above hypothesis might help to explain the wide scatter of published values for the normal Vo2 of resting muscles in the same species. Taking the soleus as an example, the range extends from 0.38, calculated by Millikan (14) from the myoglobin desaturation curve, to 5.3 1 as found by Hudlicka (10). We find it implausible that the resting energy requirements for tissue maintenance would vary to that extent. To be sure, there were some differences in the technique used in the above studies, but no clear pattern emerges. Both Millikan ( 14) and Hudlicka ( 10) used barbiturate as the anesthetic. Furthermore, Folkow and Halicka (3), who used chloralose, found values for the gastrocnemius almost identical to Hudlicka's (10) in the same series of experiments in which they found lower values for the soleus (Figs. 1 and 2) . Perhaps most convincing in this regard is the wide interindividual variation found by a single investigator(s).
For example, in the series of Stainsby and Otis (17) control data for Vo2 varied from about 0.2 to 1.4 and, incidentally, were related to the blood flow. Our results showing that Vo 2 can vary sixfold in one animal depending only on the rate of blood flow strongly suggests that the scatter of the reported normal values could be due solely to varying degrees of blood flow restriction and not to a varying demand for maintenance energy. There is additional evidence that the Vo2 in the intact animal must, in some way, be restricted.
Honig et al. (9) pointed out that if the higher values for muscle Vo, obtained by Stainsby and Otis (17) were extrapolated to the whole animal, skeletal muscle alone would account for 100 % of the Vo2 of the anesthetized dog. If our data, at high flow rates, is treated similarly, an even more ludicrous result emerges. The Vo2 of the whole anesthetized cat is 0.73 (1). If one-third of the skeletal muscle in the cat is red (we know of no exact data), then the average Vo2 of resting skeletal muscle could be as high as 2.0. Since skeletal muscle comprises about 50 % of the body weight (9), the Vo 2 of muscle alone would be 137 % of the whole animal.
The values for tissue Po2 that we report here for the soleus muscle are in the same range as those previously reported from our laboratory for the in situ, innervated muscle (2 1). However, the values for the gracilis muscle are significantly higher than we earlier reported for the in situ, innervated muscle (23). We have no completely satisfactory explanation for the discrepancy. The possibility was considered that the gracilis muscle in the present series had been damaged, since it was subjected to more extensive handling than the soleus. We also considered the possibility That these are probably not the major causes for the higher values, however, became apparent when, as part of another project, we repeated the previous experiments (23) using three cats and found a mean I?02 of 23 =t 2 (SE) mm Hg ( n = 67), a value which is also significantly higher than in the earlier experiments and which is within the lower range of the present series. Denervation may have some influence on tissue Po 2, but seasonal variation would seem to be the more likely explanation for the different results. These possibilities are currently being tested. In any event, we have no reason to consider the higher values we report here for the gracilis as being abnormal, at least for denervated muscle.
The relatively high values for tissue Po2 we obtained even at the lower flow rates would seem to eliminate tissue hypoxia, in the classical sense, as the cause of the dependent relationship between Vo 2 and blood flow. In isolated mitochondria, studies have shown that respiration becomes 02 dependent when the Po2 of the medium is of the order of 4-6 mm Hg (12). The small percentage of values we found which were at or below this level could not possibly explain the present findings unless our samplings of tissue Po2 are not representative of the whole muscle. For the gracilis there is little doubt, for the entire surface was accessible, and except for the outer 1 cm of very thin tissue, it was thoroughly explored.
In the soleus, only the middle half of the muscle could be sampled since the adjacent muscles were not removed. However, there is no evidence of which we are aware that the soleus tissue or blood flow distribution is inhomogeneous ( 16). If classical mechanisms of respiratory control are ruled out as the explanation of the dependent relationship between blood flow and Vo2, there would seem to remain at least two other possibilities.
The most likely, in our opinion, is that in the intact muscle the critical Po2 is much higher than that determined for isolated mitochondria (12). It could also be that some other blood-borne substance limits Vo2, although efforts by others (2, 1 l), somewhat along these lines, have not been revealing.
We believe these results are also relevant to the hypothesis that blood flow is regulated according to the demand for oxygen (6). A priori the large interindividual variability of tissue Po2 seen in this study and in our previous studies (vida supra) argues against a set level. Also, a different response of tissue Po2 to changes in flow in red versus white muscle would seem to limit the hypothesis.
In the soleus muscle, tissue Po2 usually returned to near the control level as flow varied; whereas, in the gracilis, tissue PO 2 and flow tended to vary together. Furthermore, if Vo2 can vary with blood flow, the oxygen in the blood would be chasing a "will of the wisp." Our failure to find many hypoxic areas in the present experiments also makes the search for a possible 0 2-controlled mechanism more difficult. Previously (22, 23), dilatation as a result of hypoxia and consequent energy limitation was a feasible scheme, since many low values for tissue Po2 were found. Considering the present results, this is apparently not always the mechanism.
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that denervation had a greater effect on the gracilis muscle. 
